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Abstract. The Arctic is a zone of confluent resources where climate 
change has begun disrupting the once stable ecological and transhumant 
lifestyles. Encroachment on pastureland by oil, gas and mining facilities 
limit reindeer herding activity, and the presence of such infrastructure 
continues to alter their sensory perceptions and consequently their 
capacity to read and navigate their environment. Parallel to this, 
thawing permafrost results in the release of gaseous methane, causing 
landforms called pingos to explode without detectable warning. This 
paper proposes a strategy for adapting to these rapid changes by 
implementing an autonomous system to balance the Arctic ecology 
through two mutual dependent interventions- (1) Regenerating the 
pingos to prevent explosion and create new pastoral lands. (2) 
Seasonally herding the reindeer to these new pastures. The project uses 
primary data, physical tests, and current technological tools to inform 
the discourse and suggest a derivative solution. Advanced 
computational tools like machine learning, robotics, and simulations are 
used to speculate upon the post-carbon Arctic ecology. The project 
performs through a strategy of local interventions, networking the 
living and non-living agents in a tight rope act that balances the Arctic 
ecology. 

Keywords.  Arctic; Pingo; Regenerated Landscape; Reindeer; 
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1. Introduction 

Imagine if we were to switch off the electricity supply for the entire world right now, 
the whole world would standstill, which would, in turn, invoke chaos. But the native 
people of the Arctic region, for instance, the Nenets, would be continuing with their 
lives. They have their vernacular ways independent of the technological advances of 
the rest of the world. Nenets are facing increasing difficulties in continuing their way 
of life. The thawing Arctic leads to a plethora of consequences, forcing Nenets to 
abandon their way of life and move to cities (Raygorodetsky, 2017). As the human 
populace moves away, the reindeer are left to fend for themselves in an increasingly 
uncertain landscape (Kumpula et al., 2020). As a keystone species of the Arctic, any 
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changes in the reindeer behavioural patterns have far-reaching implications on the 
whole ecosystem (Bernes et al., 2015). This project attempts at adapting to these rapid 
changes by networking the living and non-living Arctic, as summarised in Figure 1. It 
aims at preserving the endangered by integrating existing behaviour with endemic 
knowledge and automation. The project derives its aims from the Sustainability Goals, 
particularly SDG 13 and SDG 15. It aims to mitigate the impacts of climate change, 
prevent land degradation, and preserve Arctic biodiversity. 

2. Site and Stakeholders 

2.1. SITE - YAMAL PENINSULA 

Located on the northern edge of Siberia, the Yamal Peninsula is a part of the Arctic 
tundra, a permafrost zone with low lying flatlands which turn green during summers 
and completely freeze during winters. It is home to the Nenets, a Samoyedic tribe of 
nomadic reindeer herders. The landscape has been analysed through four layers, each 

Figure 2. Layers of Yamal 

Figure 1. Network of the living and non-living Arctic 
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layer providing a specific dataset. Figure 2 depicts the four layers (from L to R): The 
gas deposits, attractors of infrastructure development (Bambulyak et al., 2015). The 
Nenet migration routes (National Geographic Society & Tierney, 2019). The pingo 
location and concentration, which are potential danger zones (Grosse & Jones, 2011). 
The first recorded pingo explosion (Buldovicz et al., 2018). When overlapped, the 
resultant map provided an insight into the consequential nature of changes occurring in 
the landscape. 

2.2. PINGOS 

One of the prominent landforms is known as pingo. Pingos are periglacial mounds that 
dot most of the Arctic region. They form through the process of repeated freezing and 
thawing. Pingos can range from 3m to 50m in height and 5m to 100m in diameter. 
Figure 3 shows a pingo documented in Longyearbyen, Svalbard. 

Pingos are spread across the Arctic landscape. Two independent documentations 
of the pingos in Siberia and Alaska estimate upwards of 6000 pingos in each location 
(Grosse & Jones, 2011; Jones et al., 2012). Besides existing pingos, recent surveys by 
NASA documented the presence of millions of methane leak spots across the Arctic 
(Smith, 2020), a good proportion of which might form new pingos, at an accelerated 
rate compared to a normal pingo life cycle. Methane build-up inside the pingos cause 
them to explode, releasing large quantities of gaseous methane into the atmosphere, 
adding to the positive feedback loop for global warming. The explosions also expose 
deeper layers of permafrost, propagating thaw (Buldovicz et al., 2018). 

2.3. REINDEER 
As stated, reindeer are one of the keystone species of the Arctic. Also known as 
Caribou, reindeer species occupy both Alaskan and Siberian tundra, often as semi-
domesticated herds. Observation of reindeer herds highlights a few interesting 
behavioural patterns. The herd does not have a designated leader. The leader is decided 
based on movement. When any reindeer starts moving if multiple individuals start 
following it, it becomes the leader for that movement. Reindeers show a tendency to 
turn anti-clockwise as an instinct when suddenly spurred to start moving, such as by a 
predator (Weisberger, 2019). Reindeer have a heightened olfactory sense. They can 
sniff out vegetation under ~60cm thick snow cover (Heggberget et al., 2002). Since the 
reindeer diet is particularly deficient in salt, they are overly sensitive to seaweed, and 
human urine and sweat, a fact used by early Samoyedic tribes to domesticate them 

Figure 3. Pingo 
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(Staaland et al., 1980). 
To ensure sufficient pasture for the reindeer, the Nenets of Yamal Peninsula 

undertake an annual migration spanning ~1300 km, from the north of the Yamal 
Peninsula (summer pastures) to the south (winter pastures). This transhumance is one 
of the longest such annual migrations. It begins in September, as summer shifts into 
autumn. The return journey is in March, at the peak of the spring season 
(Raygorodetsky, 2017). Nenets are facing increasing difficulties in continuing their 
way of life. As gas companies seek to tap the natural resources, they impinge upon and 
create barriers on the land, resulting in the loss of pastureland as well as Nenet homes. 
The development of new pipelines and roads creates a network of barriers in their lands 
(Degteva & Nellemann, 2013).  

3. Autonomous Transhumance 

This project proposes a new way of seasonal transhumance, where we herd the reindeer 
to food resources by triggering their sense of smell. As shown in Figure 4, it responds 
to a warming arctic by non-invasively re-taming the region with a family of two 
autonomous robots: AuRoRaH and AuRega. AuRoRaH is a robotic shepherd that 
guides reindeer to various seasonal pastures by triggering their sense of smell. While 
AuRega is a robotic landscape acupuncturist that regenerates the landscape by relieving 
methane build up. 

Figure 4. Autonomous Transhumance process flowchart 

256



AUTONOMOUS TRANSHUMANCE 

3.1. AURORAH 

AuRoRaH, or the Autonomous Robotic Reindeer Herder, is a robotic shepherd for the 
reindeer. It aims to non-invasively guide the reindeer to food sources, ensuring that 
reindeer can survive in the absence of human care in the constantly changing Arctic. It 
does so by triggering their sense of smell to guide them towards food or away from 
danger. It actively monitors the Arctic for changes and takes herding decisions based 
on them. Figure 5 shows the final design for the AuRoRaH bot. The bot collects scents 
using the extendable headspace bell at the bottom, which are stored in individual 
chambers. AuRoRaH can store six scents at a time, which can be mixed in the mixing 
chamber at the top. The extendable spray allows flexible dispersal of the scent. 

Smells are capable of triggering emotions and can store specific memories 
(Wainwright, 2013). Armed with this knowledge, the scents of Arctic are identified 
and analysed based on their chemical compositions, potency, and their effect on 
reindeer. Based on these factors, a selection of smells and odours are catalogued to 
form a 'smell library' used for herding the reindeer. As depicted in Figure 6, after 
assigning a potency value to each scent and odour a series of Grasshopper simulations 
pit two mixes against each other to see the effect and reindeer behaviour. Reindeer 
behaviour has been emulated using the Quelea plugin for Grasshopper. Based on the 
simulation results, a list of mixes and rules were offloaded into AuRoRaH. It will use 
these rules to herd the reindeer.  

Figure 6. Simulation testing reindeer behaviour to scents and odours 

Figure 5. AuRoRaH final prototype 
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AuRoRaH changes the current reindeer transhumance, which is an annual cycle, to 
a three-season cycle. As shown in Figure 7, migration times and routes are planned 
according to set herding rules. Once an AuRoRaH unit locates a reindeer herd, it 
releases a scent to attract (or repel) the reindeer. Based on the reindeer behaviour the 
bot may spray again, spray at a higher potency, or relocate and repeat the steps. By 
repeating the process over, AuRoRaH guides the reindeer to the desired location.  

3.2. AUREGA 

AuRega, or the Autonomous Regenerator, is a robotic landscape acupuncturist. It aims 
to non-invasively re-tame the landscape for both humans and non-humans. It does so 
by detecting methane leak spots on pingos, acupuncturing the points to relieve pressure, 
and regenerating them. It actively monitors the pingo and prevents explosions due to 
methane build-up, transforming the pingo into a methane storage unit and new pastoral 
land for the reindeer. It also helps visualise methane emissions in the Arctic to the 
layman. Figure 8 shows the final design for the AuRega bot. The main component is 
the mouldable formwork, which allows for several simultaneous functions. It can bend 
at multiple angles allowing for several AuRega units to work together. It also serves as 
the cover for the unit. The formwork can also generate multiple patterns by using a 
network of anchor points and inflating the impermeable reindeer skin layer.  

Figure 7. Reindeer herding rules 

Figure 8. AuRega final prototype 
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AuRega regenerates the pingo by repeating a set of actions multiple times, depicted 
in Figure 9. As the mound builds up, it also gets pushed up by the methane trapped 
inside. The pingo thus grows over multiple cycles of regeneration. While generating 
the mound, ArRega generates various patterns on it, creating preferable conditions for 
vegetation growth. AuRega also monitors the pingo for vegetation growth, relaying it 
to AuRoRaH for herding decisions. As AuRega regenerates the pingo, it creates a 
distinct new landscape. It will act as a new vocabulary for reading methane emission 
rates, one legible to machines and humans alike, read by the changes in height and 
number of mounds on a pingo. This would serve as a marker for tracking climate 
change in the Arctic, while also significantly reducing landscape methane emissions. 

3.3. TECHNICAL SYSTEM OVERVIEW 

AuRoRaH and AuRega form a sentient family of robots, managing the Arctic 
landscape. The system can decode elements of the Arctic landscape like pingos, 
highlands, lowlands, forests, water bodies, and infrastructure to optimize routes for 
transhumance. As depicted in Figure 10, two machine learning algorithms, a 
Convolutional Neural Network followed by a Linear Regression model, allow the bots 
to identify reindeer and classify pingos.  

Figure 9. Process of pingo generation 

Figure 10. Machine learning models implemented 
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To train the model for the herding rules, distance, stage, and estimated methane 
amount of the pingo are considered. The robots are trained following the smell attractor 
logic to attract a given number of reindeer, depending on the destination pingo capacity. 
The goal for the agents is that they need to attract reindeer in the environment to follow 
them until they reach their maximum capacity. The reindeer were scripted with a 
random walker and would follow the bots as soon as they enter their sphere of 
influence. Next, a reinforcement learning model is created in Unity where the herding 
rules are simulated by assigning a different number of reindeer to each robot and then 
training it in various stages of pingo growth vs several reindeer. Distance is the first 
criteria of assessment followed by the stage of the pingo, the methane to ice ratio, and 
reindeer capacity. In a scenario where there are sufficient pingos in the vicinity, the 
pingo at the most matured stage, with higher methane-to-ice ratio content, takes 
priority. AuRoRAH also follows one herd, one pingo rule, where an average batch 
consists of 250-300 reindeer. 

4. Supplementary Tests 

4.1. MATERIAL TESTS 

Tests were done to determine the physical properties of the earth as a material. The 
initial tests checked the mould-ability of soil with different earth-water ratios. Next, the 
ability for only water to act as a binder for the earth, in sub-zero conditions, was tested, 
again with different earth-water ratios. Based on the results and findings from these 
two tests, the last set of tests focused on a few different parameters, namely- mould-
ability on a larger scale, the effect of organic matter in the soil as a binder with water, 
stability of different patterns when moulded, thermal heat retention capability of these 
patterns. As shown in the left set of images in Figure 11, each specimen was shaped 
and left for a week at room temperature and then inspected through thermal imaging. 
Patterns retaining more heat were selected since heat retention is preferable for 
vegetation in the Arctic. Selected patterns were then tested for varying depths using the 
Ladybug plugin for Grasshopper, depicted in the right set of images in Figure 11.  

Figure 11. Soil heat retention tests 
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4.2. OLFACTION TESTS 
Tests were conducted to understand the olfactory sense, and smells and odours, 

using the human olfaction as a replacement for a reindeer. The first set of tests 
determined the maximum distance a smell can travel in favourable and unfavourable 
wind conditions. The scent was the same. The duration of the spray was as similar as 
possible each time, subject to human error. Then same tests were repeated, but this time 
the diffusion was at half-human height to mimic the bot releasing at half-reindeer 
height. The results are listed in Table 1.  

Table 1 Spray test results 

 
Spray Height Distance (m) Wind Direction Wind Speed (kph) Detected? 

     

Spray at human height 1 Favourable 17 Yes 

Spray at human height 3 Favourable 17 Yes 

Spray at human height 5 Favourable 17 Yes 

Spray at human height 7 Favourable 17 No 

Spray at human height 1 Unfavourable 17 Yes 

Spray at human height 2 Unfavourable 17 No 

5. Conclusion 

This paper proposes a non-invasive approach to re-taming an increasingly uncertain 
Arctic. It uses native herding and landscape knowledge and encodes it into machine 
language, which not only ensures that the knowledge is not lost, but also puts it to 
practice. At the same time, the proposal can be seen as a prototype which can be applied 
across any ecology threatened by climate change, not being limited to the Arctic. The 
family of sentient robots can be of any make and form. They would be vernacularly 
made to be best suited the task at hand and undergo multiple stages of evolution.  

At its core, the proposal works with currently available technology such a machine 
learning and robotics, thus it can be replicated if the need arises. At the same time, the 
proposal will benefit from further development in design of artificial intelligence and 
swarm robotics. To progress this project, one assumption taken is regarding the 
analysis and classification of smell using machine learning algorithms. It is assumed 
that the technology to autonomously detect, capture, analyse and classify smells will 
be available soon. Research is already underway on testing and teaching machine 
learning algorithms about olfaction and smells (see Harrison, 2019; Wainwright, 
2013). 
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